The genomes of Bacillus cereus and its closest relative Bacillus anthracis contain 10 polysaccharide deacetylase homologues. Six of these homologues have been proposed to be peptidoglycan N-acetylglucosamine deacetylases. Two of these genes, namely bc1960 and bc3618, have been cloned and expressed in Escherichia coli, and the recombinant enzymes have been purified to homogeneity and further characterized. Both enzymes were effective in deacetylating cell wall peptidoglycan from the Gram(؉) Bacillus cereus and Bacillus subtilis and the Gram(؊) Helicobacter pylori as well as soluble chitin substrates and N-acetylchitooligomers. However, the enzymes were not active on acetylated xylan. These results provide insight into the substrate specificity of carbohydrate esterase family 4 enzymes. It was revealed that both enzymes deacetylated only the GlcNAc residue of the synthetic muropeptide N-acetyl-D-glucosamine-(␤-1,4)-N-acetylmuramyl-L-alanine-D-isoglutamine. Analysis of the constituent muropeptides of peptidoglycan from B. subtilis and H. pylori resulting from incubation of the enzymes BC1960 and BC3618 with these polymers and subsequent hydrolysis by Cellosyl and mutanolysin, respectively, similarly revealed that both enzymes deacetylate GlcNAc residues of peptidoglycan. Kinetic analysis toward GlcNAc 2-6 revealed that GlcNAc 4 was the favorable substrate for both enzymes. Identification of the sequence of N-acetychitooligosaccharides (GlcNAc 2-4 ) following enzymatic deacetylation by using 1 H NMR revealed that both enzymes deacetylate all GlcNAc residues of the oligomers except the reducing end ones. Enzymatic deacetylation of chemically acetylated vegetative peptidoglycan from B. cereus by BC1960 and BC3618 resulted in increased resistance to lysozyme digestion. This is the first biochemical study of bacterial peptidoglycan N-acetylglucosamine deacetylases.
The genomes of Bacillus cereus and its closest relative Bacillus anthracis contain 10 polysaccharide deacetylase homologues. Six of these homologues have been proposed to be peptidoglycan N-acetylglucosamine deacetylases. Two of these genes, namely bc1960 and bc3618, have been cloned and expressed in Escherichia coli, and the recombinant enzymes have been purified to homogeneity and further characterized. Both enzymes were effective in deacetylating cell wall peptidoglycan from the Gram(؉) Bacillus cereus and Bacillus subtilis and the Gram(؊) Helicobacter pylori as well as soluble chitin substrates and N-acetylchitooligomers. However, the enzymes were not active on acetylated xylan. These results provide insight into the substrate specificity of carbohydrate esterase family 4 enzymes. It was revealed that both enzymes deacetylated only the GlcNAc residue of the synthetic muropeptide N-acetyl-D-glucosamine-(␤-1,4)-N-acetylmuramyl-L-alanine-D-isoglutamine. Analysis of the constituent muropeptides of peptidoglycan from B. subtilis and H. pylori resulting from incubation of the enzymes BC1960 and BC3618 with these polymers and subsequent hydrolysis by Cellosyl and mutanolysin, respectively, similarly revealed that both enzymes deacetylate GlcNAc residues of peptidoglycan. Kinetic analysis toward GlcNAc 2-6 revealed that GlcNAc 4 was the favorable substrate for both enzymes. Identification of the sequence of N-acetychitooligosaccharides (GlcNAc 2-4 ) following enzymatic deacetylation by using 1 H NMR revealed that both enzymes deacetylate all GlcNAc residues of the oligomers except the reducing end ones. Enzymatic deacetylation of chemically acetylated vegetative peptidoglycan from B. cereus by BC1960 and BC3618 resulted in increased resistance to lysozyme digestion. This is the first biochemical study of bacterial peptidoglycan N-acetylglucosamine deacetylases.
Polysaccharide deacetylases belong to carbohydrate esterase family 4 (CE4), 1 which includes chitin deacetylases, acetylxylan esterases, xylanases, rhizobial NodB chitooligosaccharide deacetylases, and peptidoglycan deacetylases (1) . All these enzymes share a universal conserved region called polysaccharide deacetylase domain (according to the Henrissat classification). All five members of this family catalyze the hydrolysis of either N-linked acetyl group from N-acetylglucosamine residues (chitin deacetylase, NodB, and peptidoglycan N-acetylglucosamine deacetylase), or O-linked acetyl groups from O-acetylxylose residues (acetylxylan esterase, xylanase) (2) (3) (4) . A large number of open reading frames encoding for putative polysaccharide deacetylases have been identified in genomes of Gram-positive bacteria. It has been suggested that they correspond to peptidoglycan deacetylases, although this has been verified only in two cases. Two genes namely (pgdA) from Streptococcus pneumoniae and (pdaA) from Bacillus subtilis have been identified encoding for peptidoglycan N-acetylglucosamine deacetylase (5) and an enzyme required for the production of muramic ␦-lactam in the spore cortex of B. subtilis, respectively (6, 7) . Recently the crystal structure of this peptidoglycan deacetylase was reported (8) . However, the corresponding gene products have not been purified and characterized biochemically.
The recent sequencing of the Bacillus cereus (9) and Bacillus anthracis (10) genomes revealed in each a multiplicity (10 open reading frames) of putative polysaccharide deacetylases. Six of these genes have been proposed to encode for putative peptidoglycan deacetylases in B. cereus and have almost identical amino acid sequence with the corresponding ones from B. anthracis implying similar functional roles of these proteins in the two bacteria.
Given the laboratory safety precautions necessary for working with highly infectious agents and the recent concerns and proscriptions related to B. anthracis as a potential bioweapon (class A agent, Center for Disease Control) the B. cereus enzymes offer themselves as suitable models for studying the corresponding proteins of B. anthracis.
The objective of this study is to shed light on the role of bacterial GlcNAc polysaccharide deacetylases and, furthermore, based on the extensive homologies, to contribute to our understanding of the physiology of B. anthracis, an interesting pathogenic microbe and close relative of B. cereus. This report describes the cloning and expression of two genes encoding for peptidogly-can GlcNAc deacetylases from B. cereus ATCC 14579 as well as the characterization of the purified recombinant enzymes.
EXPERIMENTAL PROCEDURES
Materials and Methods-Primers were synthesized by the Microchemistry Facility of the Institute of Molecular Biology and Biotechnology. The expression plasmid pET-26b(ϩ) and Escherichia coli BL21(DE3)pLysS were from Novagen. cDNA clones from B. cereus ATCC14579 were from Integrated Genomics Inc. (Chicago, IL). All chromatographic materials were from Amersham Biosciences. Ni-NTAagarose, PCR, gel extraction, and plasmid purification kits were from Qiagen. Enzymes and reagents for acetate determination were purchased from Roche Diagnostics. Substrates and common biochemicals were purchased from Sigma. Restriction enzymes as well as all DNAmodifying enzymes were from MINOTECH Biotechnology.
Cloning and Expression of the bc1960 and bc3618 Genes of B. cereus into pET Expression Vectors-The genes were amplified from cDNA clones using DNA polymerase chain reaction. An NdeI and a XhoI site was incorporated at the start and the end of each gene to produce an in-frame C-terminal His 6 tag-fused construct in pET-26b(ϩ) vector.
The amplified genes were purified, digested with the corresponding enzymes, and ligated into pET-26 vectors placing the polysaccharide deacetylase genes under the transcriptional control of the T 7 lac promoter. The resulting plasmids were transformed into BL21(DE3)pLysS, the transformants were screened for the gene of interest, and the inserts were sequenced at the automatic sequencing facility of the Institute of Molecular Biology and Biotechnology.
The transformed strains containing each of the cloned genes were stored at Ϫ80°C in 20% glycerol until further use. 20 ml of a saturated culture of each of the transformed polysaccharide deacetylases expression strains was inoculated into 500 ml of LB medium containing suitable antibiotics and incubated at 30°C on a rotary shaker to an A 600 of 0.6. The cultures were transferred to 25°C, isopropyl-␤-D-thiogalactoside was added to a final concentration of 1 mM and the cells were further incubated for 16 h.
Purification of BC1960 and BC3618 -Cells were harvested by centrifugation and resuspended in 50 mM Tris-HCl buffer, pH 8.0, 1 M NaCl, 5 mM imidazole (buffer A). After sonication, the soluble fraction was collected by centrifugation and loaded onto Ni-NTA-agarose, equilibrated with buffer A. Proteins were eluted using a step gradient of imidazole (250 mM). Active fractions were pooled, concentrated (3 ml), and subsequently applied onto a Sephacryl S200 HR column previously equilibrated in 20 mM Tris-HCl, pH 7.4, 200 mM NaCl. Fractions containing enzyme activity were pooled and concentrated (1 mg/ml).
Preparation of Radiolabeled Substrates-Preparation of cell wall peptidoglycan from vegetative B. cereus and B. subtilis was performed according to a previously described protocol (11) . Labeling of glycol chitin and peptidoglycan was performed using [ 3 H]acetic anhydride according to Araki and Ito (12) .
Enzyme Assays-Standard enzyme assays were performed in a mixture containing 20 mM Tris-HCl, pH 8.0 (for BC3618), or 20 mM MesNaOH, pH 6.0 (for BC1960), 1 mM CoCl 2 , and 5 l of the substrate (1 mg/ml). Incubation time was 30 min at 50°C (for BC1960) or 37°C (for BC3618).
We have employed two different assays for determining polysaccharide deacetylase activity. (i) In a radiometric assay, deacetylase activity was estimated using as substrate partially O-hydroxyethylated chitin (glycol chitin) and peptidoglycan radiolabeled in N-acetyl groups (12) .
(ii) In a coupled assay, acetate released by the action of polysaccharide deacetylases on various polysaccharides and N-acetylchitooligosaccharides (GlcNAc [1] [2] [3] [4] [5] [6] ) was determined by the enzymatic method of Bergmeyer via three coupled enzyme reactions (13) .
Kinetic properties of BC1960 and BC3618 toward N-acetylchitooligosaccharides were determined as below. The reactions were performed with various concentrations of GlcNAc 2-6 in 20 mM Tris-HCl, pH 8.0 (for BC3618), or 20 mM Mes-NaOH, pH 6.0 (for BC1960), 1 mM CoCl 2 at 50°C (for BC1960) or 37°C (for BC3618) for 10 min. Reactions were terminated by heating the mixture at 100°C for 5 min. Acetic acid released was determined by using an acetic acid determination kit (Roche Diagnostics) (13) .
Analysis of Reaction Products-A commercially available muropeptide GMDP (40 g/ml) was treated either with BC1960 or BC3618. Reaction products were separated by HPLC, desalted, and further analyzed by MALDI-TOF and MALDI-PSD as previously described (14) .
Purified peptidoglycan (200 g) of Helicobacter pylori, was incubated with BC1960 or BC3618 for 18 h at 50°C and 37°C, respectively. Samples were boiled for 10 min, and insoluble peptidoglycan was recovered by centrifugation and washed once with water. The resulting pellet was further digested with mutanolysin (500 g/ml) in 12.5 mM sodium phosphate, pH 5.8, for 18 h at 37°C with stirring. Samples were boiled for 5 min, the supernatants were reduced with sodium borohydride, and muropeptides were analyzed by HPLC as previously described (15) . Individual peaks were also purified and analyzed by MALDI-TOF and MALDI-PSD as previously described (14) .
Preparation and reversed phase-HPLC analysis of soluble and reduced muropeptides from B. subtilis peptidoglycan was carried out as previously reported (11) . Reduced muropeptides were separated using a Waters HPLC system on a Hypersil octadecylsilane column (4.6 ϫ 250 mm; particle size, 5 mm). Elution buffers were as follows: buffer A, 40 mM sodium phosphate, pH 4.5; buffer B, 40 mM sodium phosphate, pH 4.0, containing 20% (v/v) methanol. A small amount of sodium azide (142 l from a 1% (w/v) solution) was added to 1 liter of buffer A to equalize its A 202 with that of buffer B. The column was equilibrated at 52°C with buffer A at a flow rate of 0.5 ml/min for 20 min. Soluble reduced muropeptides (60 l) were injected, and a linear gradient of 0 to 100% buffer B over a period of 270 min was started 5 min after sample injection. The flow rate was constant at 0.5 ml/min over the course of the gradient, and the eluted compounds were detected by monitoring A 202 .
GlcNAc 2-4 (2-4 mg) were incubated with 0.5 mg of each enzyme in 0.5 ml of buffer (25 mM Mes-NaOH buffer, pH 6.0, for BC1960 and 50 mM Tris-HCl buffer, pH 8.0, for BC3618) at 37°C for between 18 to 48 h. The reaction was stopped by heating to 100°C for 3 min and cooled, and the pH was adjusted to 4.5 by HCl before lyophilization. The samples were dissolved in 0.7 ml of D 2 O, the pD was adjusted to 4 using DCl, and the proton NMR spectra were obtained as previously described (16) .
Polyacrylamide Gel Electrophoresis-Homogeneous polyacrylamide gel electrophoresis under denaturing and reducing conditions was performed according to Laemmli (17) . Protein bands were visualized by staining with Coomassie Brilliant Blue R.
RESULTS
Comparison with Other Polysaccharide Deacetylases-The deduced sequences of bc1960 (NP_831730) and bc3618 (NP_833348) consist of 275 and 213 amino acids, respectively. BC1960 and BC3618 exhibit the highest identity to the peptidoglycan N-acetylglucosamine deacetylase from S. pneumoniae (38 and 36% identity, respectively). Residues conserved in all members of CE4 family enzymes were also identified in the B. cereus deacetylases (Fig. 1) .
Comparison with B. anthracis- Fig. 2 lists the 10 open reading frames of B. cereus alongside the orthologous members of B. anthracis. These pairings represent the best sequence alignments determined by CLUSTAL analysis of the individual proteins for each organism. Ten open reading frames found in B. anthracis were identical in size, and most of them were within 90% identical to the corresponding ones from B. cereus. The assignment of putative enzymatic activities used here was obtained from the annotated ERGO-light data base (see the legend for Fig. 2 
) (10).
Enzyme Purification and Characterization-In addition to bc1960 and bc3618 genes we have also expressed the remaining four putative GlcNAc deacetylase genes. However, we were unable to demonstrate enzymatic activity of these gene products toward various chitin and peptidoglycan substrates tested.
Both polysaccharide deacetylases were produced containing a C-terminal His 6 tag and isolated from the soluble fraction of the cell extract. Purification was achieved in one step using an Ni-NTA affinity chromatography with an overall yield 5 mg of protein per liter of E. coli culture. The recombinant enzymes were purified to homogeneity and appear to be monomers as judged by SDS-PAGE and gel filtration chromatography. BC3618 and BC1960 exhibit molecular masses of ϳ28 and ϳ30 kDa, respectively, in agreement with the masses (27,711 Da for BC3618 and 30,570 Da for BC1960) estimated from the nucleotide sequences (Fig. 3) .
Both enzymes were active on radiolabeled glycol chitin and peptidoglycan from B. cereus vegetative cell walls but not on xylan. Chitin deacetylase from Mucor rouxii was not effective in deacetylating cell wall peptidoglycan from B. cereus (data not shown).
Both enzymes were inhibited by the presence of 1 mM Cu 2ϩ and Zn 2ϩ tested as chlorides, whereas they were not inhibited by other divalent or monovalent metals (Mg 2ϩ , Ca 2ϩ , Mn 2ϩ , K ϩ , and Na ϩ ) tested up to 50 mM concentration. A maximum 10% increase in activity of both enzymes was observed by the addition of 1 mM CoCl 2 in the assay buffer. Both enzymes were not inhibited by acetate even at concentrations up to 50 mM. The purified recombinant enzymes exhibited different pH, temperature optima, and thermal stability, as determined by using both radiolabeled glycol chitin and peptidoglycan as substrates. BC1960 exhibits a pH optimum at pH 6.0 and a remarkable thermal stability, because it retains 95% of its activity after preincubation at 50°C for 24 h. On the other hand, BC3618 exhibits a pH optimum at pH 8.0 and is inactivated after incubation at 50°C for 1 h. Optimum temperature for enzyme activity was determined to be 50°C and 37°C for BC1960 and BC3618, respectively (data not shown).
The specificity of the enzymes for various N-acetylchitooligomers was examined, and the kinetic parameters were also calculated (Table I) . Both enzymes did not deacetylate N-acetylglucosamine and required at least two sugar residues for catalysis. Kinetic parameters for GlcNAc 2-6 were obtained from Lineweaver-Burk plot analysis, and the enzyme reaction rates for these substrates seemed to follow Michaelis-Menten kinetics. Both enzymes exhibited the highest V max value toward GlcNAc 4 and the lowest K m for GlcNAc 6 among these substrates. The resulting k cat /K m ratios indicated that GlcNAc 4 was the favorable substrate for both enzymes. BC3618 exhibited higher k cat /K m values compared with BC1960 toward GlcNAc 3-6 substrates, whereas BC1960 exhibited higher
Enzymatic Deacetylation of GMDP-The synthetic muropeptide GMDP was incubated with both deacetylases. Both enzymes converted GMDP in two new muropeptides (peaks 1 and 2, Fig.  4A ). The new species were purified, desalted, and analyzed by MALDI-TOF. The two muropeptides had exactly the same molecular mass (m/z 678.2749 and 678.3139) and differed from GMDP (m/z 720.2915) by m/z 42, which corresponds to the loss of The percent identity and similarity refer to the overlapping regions of the respective orthologues. The bolded entries are those identified with enzymatic activity in this study. Possible function has been assigned to these enzymes by ERGO-light data base (www.ergo-light.com/ERGO) on the basis of sequence comparisons, pattern-based analysis, phylogenetic clusters, networked cellular pathways, and chromosomal neighborhoods of functionally related genes (10, 22) . CDA, chitooligosaccharide deacetylase; PD, polysaccharide deacetylase; PDA, peptidoglycan deacetylase.
an (Fig. 4B and data not shown) . Interestingly PSD analysis of peaks 1 and 2 revealed that only the N-acetylglucosamine residue had lost the N-linked acetyl functional group and that no modification of the N-acetylmuramic acid residue had occurred. Indeed, a major fragment (m/z 517.4) corresponds to the loss of glucosamine (m/z 161). Fragmentation from the C-terminal end of the deacetylated GMDP generates a and b type ions. For example, a 1 -NH 3 ion m/z 504.2 is further converted into m/z 343.2 corresponding to the loss of m/z 161, therefore, a glucosamine residue. Finally, the presence of the ion m/z 318.2, which corresponds to the N-acetylmuramic acid alone, clearly excludes deacetylation of the N-acetylmuramic acid residue. Furthermore, no fragments corresponding to the loss of N-acetylglucosamine were observed (loss of m/z 203). The same fragmentation patterns were observed for peak 2 (data not shown) excluding a minor deacetylation of GMDP at the N-acetylmuramic acid residue. These results also imply that, despite the conversion of GMDP into two mew muropeptide peaks with different elution properties, the two species are structurally identical. This behavior might be due to different protonation states of the deacetylated GMDP in the elution buffers.
Enzymatic Deacetylation of H. pylori and B. subtilis Peptidoglycans by BC1960 and BC3618 -To further examine the substrate specificity of BC1960 and BC3618, we incubated insoluble peptidoglycan from H. pylori with each enzyme followed by mutanolysin digestion and analyzed the resulting muropeptides by reversed phase-HPLC. Muropeptide analysis indicated that both deacetylases generated the same kind of muropeptides (BC3618 converted 57% of muropeptides while BC1960 converted 90% of muropeptides into new species, data not shown). However, after 18-h treatment, BC1960 seemed to convert almost all H. pylori monomeric muropeptides into new muropeptide species, whereas treatment with BC3618 resulted in a mixture of normal H. pylori muropeptides and new species (Fig. 5) . Analysis of the resulting muropeptides by MALDI-TOF showed that both enzymes were able to deacetylate monomeric muropeptides (GlcNAc-MurNAc) with varying peptide chain lengths (Table II) . The appearance of the same muropeptide in two individual peaks (Table II, peaks 4, 4a*, 5*, and 5a*) might be due to different protonation states of the deacetylated muropeptides in the elution buffers. Interestingly, even anhydro muropeptides (retention time over 65 min) (18) , were converted into new species (Table II, peaks 6* and 9*), which corresponded to the deacetylated ones. Fragmentation of the deacetylated muropeptides by MALDI-PSD confirmed that N-acetylglucosamine residue of muropeptides is deacetylated.
To examine the effect of these enzymes on Bacilli peptidoglycan we used as a model substrate peptidoglycan from vegetative B. subtilis (Table III) . Identification of muropeptides was based on the previously reported analysis of B. subtilis peptidoglycan (11) . Incubation of B. subtilis vegetative peptidoglycan with BC1960 and BC3618 resulted in an increase of the deacetylated muropeptides from 23.6% (native peptidoglycan) to 36.1% and 26.6%, respectively. Both enzymes catalyze the deacetylation of GlcNAc residues on peptidoglycan, as confirmed by the increase of peak 4, which corresponds to a disaccharide tripeptide with an amide group missing the N-acetylgroup from GlcNAc and the concomitant decrease of muropeptide 3, which corresponds to the acetylated form of this muropeptide (Table III) . GlcNAc deacetylase activity of BC1960 is also confirmed by the increase of peaks 18, 22, 23, and 32, which correspond to muropeptides de-acetylated on GlcNAc residues identified in B. subtilis peptidoglycan. BC3618 could also deacetylate to a lower extent certain muropeptides (Table III, peaks 18 and 23), whereas it was ineffective in deacetylating other muropeptides (Table III, peaks 22  and 32) . Fig. 6 shows the 1 H NMR spectra (anomer region) of the chitin oligomers (dimer, trimer, and tetramer) obtained after treatment with BC3618. The spectra of the dimer (Fig. 6A) shows that the major resonances are the ␣-anomer-reducing end of an acetylated unit (A) at 5.19 ppm and the ␤-anomer-reducing end of an acetylated unit at 4.74 ppm (19) . The ␣-and ␤-anomerreducing end resonances from a deacetylated unit (D), which would be expected to appear at 5.43 and 4.92 ppm, are only present in very low concentrations in the spectrum. The internal D-and A-units resonate at around 4.9 and 4.6 ppm, and only the resonances from the internal D-units can be seen in the spectra (20) . Thus, the major dimer contains an acetylated reducing end and a deacetylated non-reducing end (DA). Similarly, the trimer (Fig. 6B) and tetramer (Fig. 6C ) spectra were assigned, and it was found that the major trimer is DDA and the major tetramer DDDA. Thus, BC1960 and BC3618 were [2] [3] [4] [5] [6] Enzyme assay was performed as described under "Experimental Procedures." Substrate BC1960 BC3618
Analysis of Enzymatically Deacetylated Oligomers GlcNAc 2-4 -
Relative activity able to deacetylate all units on chitin oligomers (dimer to tetramer) except the reducing end unit. BC1960 and BC3618 behaved similarly with respect to the specificity on chitin oligomers, except that with BC1960 it was possible to deacetylate the reducing end unit of the trimer and the tetramer (but not with the dimer) as substrates upon extended incubation with the enzyme, whereas this was not the case with BC3618. Lysozyme Digestion of B. cereus Peptidoglycan-To examine the effect of the degree of acetylation of vegetative peptidoglycan from B. cereus on the rate of lysozyme degradation four different peptidoglycan substrates from B. cereus were exam -FIG. 4 . HPLC, MALDI-TOF, and MALDI-PSD analysis of GMDP. GMDP (control) was treated with BC1960 or BC3618 and the resulting muropeptides (peak 1 and peak 2) were separated by HPLC and analyzed by MALDI-TOF (A). MALDI-PSD analysis was performed following HPLC purification and desalting the muropeptide corresponding to peak 1 (B). b and a ions correspond to fragments released from C-terminal end, and y ions correspond to fragments released from N-terminal end.
ined: (a) native vegetative peptidoglycan; (b) chemically N-acetylated peptidoglycan and chemically N-acetylated peptidoglycan incubated with either BC1960 (c) or BC3618 (d). We observed that, although native peptidoglycan couldn't be digested, 40% of the chemically acetylated peptidoglycan was solubilized by lysozyme (Fig. 7) . Partial digestion of acetylated peptidoglycan by lysozyme might be due to incomplete chemical acetylation of the polymer. However, incubation of chemically acetylated peptidoglycan with either BC1960 or BC3618 resulted in modified substrates resistant to hydrolysis by lysozyme. 
DISCUSSION
The genomes of B. cereus (9) and its closest relative B. anthracis (10) contain each a set of 10 polysaccharide deacetylase homologues, six of which have been proposed to encode for putative peptidoglycan N-acetylglucosamine deacetylases and share almost identical amino acid sequences (Fig. 2) .
In our effort to shed light on the role of polysaccharide deacetylases in bacteria and contribute to the understanding of the physiology of B. anthracis, we report for the first time the cloning and expression of two peptidoglycan GlcNAc deacetylase genes bc1960 and bc3618 from B. cereus as well as the purification and characterization of the recombinant enzymes. Previous reports on bacterial peptidoglycan deacetylases addressed either partially purified enzymes or not biochemically characterized gene products (5-7, 12) .
BC1960 exhibits an overall 36% identity and 57% similarity with BC3618. The sequence similarity with other known polysaccharide deacetylases extends only to the C-terminal, which is the putative NodB domain (Fig. 1) . The purified recombinant enzymes exhibit different pH, temperature optima, and thermal stability, whereas they are not inhibited by acetate and they are both activated by CoCl 2 . Both enzymes were effective in deacetylating peptidoglycan from B. cereus, B. subtilis, H. pylori, as well as glycol chitin, N-acetyl chitooligomers, and the synthetic muropeptide GMPD. However, the enzymes were not active on acetylated xylan. This is the first example of CE4 family enzymes that are active on both peptidoglycans and chitin substrates. It has been previously reported that chitin deacetylase from M. rouxii and acetylxylan esterase from Streptomyces lividans were active on both soluble chitin and acetyl xylan substrates (2). However, both enzymes were inactive toward peptidoglycan substrates. These results provide insight into the substrate specificity of the CE4 family enzymes.
Considering specificity of GlcNAc deacetylases, the enzymes are active on both peptidoglycans and soluble muropeptides. It seems that although the enzymes exhibit a strict specificity for deacetylating GlcNAc residues of peptidoglycan substrates they are able to hydrolyze various muropeptides of different peptide side chains as exemplified in the case of peptidoglycan from H. pylori and B. subtilis (Fig. 5 and Tables II and III) . Furthermore, the enzymes are active on substrates whereby the neighboring residue to GlcNAc is not N-acetylmuramic acid (MurNAc) as demonstrated in the cases of GlcNAc n (Fig. 6 ) and anhydromuropeptides from peptidoglycan of H. pylori (Table  II) . In support of this observation PgdA from S. pneumoniae, the only peptidoglycan deacetylase identified in this bacterium, GlcNAc 3 (B) , and GlcNAc 4 (C) with either BC3618 or BC1960. GlcNAc 2-4 (2-4 mg) were incubated with 0.5 mg of each enzyme in 0.5 ml of buffer (25 mM MES-NaOH buffer, pH 6.0, for BC1960; 50 mM Tris-HCl buffer, pH 8.0, for BC3618) at 37°C for between 18 to 48 h. The reaction products were analyzed by 1 H NMR as previously described (16) . carries out the deacetylation of almost 80% of GlcNAc residues in cell wall peptidoglycan (5) .
Considering enzyme specificity of MurNAc deacetylases, expression of pdaA gene from B. subtilis in E. coli had no effect on modification of E. coli peptidoglycan structure, whereas joint expression of muramoyl-L-alanine amidase (cwlD) and pdaA genes resulted in the formation of muramic-␦-lactam. PdaA probably carries out both deacetylation and lactam ring formation and requires the product of CwlD activity as a substrate (7) . The recently reported structure of PdaA complexed with the substrate analogue N-acetylglucosamine, although possibly representing a non-productive binding mode, revealed interactions of an aspartic acid and three histidines all conserved in the nodB homologous domain with the ligand (8) . BC1960 and BC3618 exhibit significant sequence similarity with PdaA (68 and 67%, respectively). On the basis of the sequence similarities, similar structures are predicted between the two enzymes and PdaA.
Kinetic analysis of BC1960 and BC3618 toward N-acetylchitooligosaccharides GlcNAc [2] [3] [4] [5] [6] revealed that the catalytic efficiency of the enzymes depended on the length of the oligomers (Table I ). Both enzymes required at least two sugar residues for catalysis (although BC3618 showed very low efficiency toward GlcNAc 2 ). Furthermore, GlcNAc 4 proved to be the favorable substrate for both enzymes. Identification of the sequence of chitin oligomers (GlcNAc 2-4 ) following enzymatic deacetylation by 1 H NMR revealed that both enzymes deacetylate all GlcNAc residues of the oligomers except the reducing end ones (Fig. 6) .
It has been previously reported that the resistance of pneumonococcal and B. cereus peptidoglycan to lysozyme degradation depends on the degree of acetylation of peptidoglycan (5, 21) . Recent analysis of B. cereus peptidoglycan revealed an unusual high percentage of deacetylated GlcNAc residues (21) . We have similarly observed that chemical acetylation of vegetative peptidoglycan isolated from B. cereus (ATCC 14579) resulted in enhanced degradation rates by lysozyme. However, enzymatic deacetylation of chemically acetylated peptidoglycan by BC1960 and BC3618 resulted in resistance of this macromolecule to lysozyme degradation (Fig. 7) . It is conceivable that the BC1960 and BC3618 or the other orthologues may provide protection against host lysozyme. Further investigations are needed to establish the importance, if any of these enzymes (knock-out studies).
In light of the unusual occurrence of multiple putative deacetylases in the Bacillus sp. genomes, especially B. cereus and B. anthracis, we speculate that these enzymes may play different roles in cellular, developmental, or environmental biology of B. cereus (e.g. sporulation, spore germination, vegetative growth, and host-microbe interactions). Clarification of these questions will require a combined biochemical and genetic (knock-out) analysis. Considering the current interest on B. anthracis as a potential bioweapon and the difficulties encountered working with such agents, these studies may set a basis for potential drug design applications targeting enzymes involved in biosynthesis/modification of B. anthracis peptidoglycan.
